Objective: To test the hypothesis that higher levels of red blood cell (RBC) docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA) have a protective association with domain-specific cognitive function in women aged 65 years and older.
previous observational studies, 10 we hypothesized that higher levels of red blood cell (RBC) DHA and EPA would have a protective effect on performance in one or more cognitive domains in a study population of older postmenopausal women.
METHODS This study was a secondary analysis of data collected for the Women's Health Initiative Study of Cognitive Aging (WHISCA), an ancillary study within the Women's Health Initiative (WHI) hormone therapy (HT) trials. 11 In the HT trials, women aged 65 to 80 years with prior hysterectomy were randomized to estrogen or placebo, and women without hysterectomy to estrogen plus progestin or placebo. Starting in 1999, 2,302 dementia-free WHI HT trial participants were enrolled in WHISCA. WHISCA subjects' first cognitive assessment occurred a median of 3.0 years (range 5 1.1-5.6 years) after HT randomization, and they completed a battery of cognitive tests on a yearly basis. Although the WHI estrogen-plus-progestin and estrogen-only HT trials ended in 2002 and 2004, respectively, follow-up of the WHISCA study cohort continued until 2007. Results from WHISCA and the larger Women's Health Initiative Memory Study showed that both forms of HT were harmful to cognitive function. 12 Additional information about WHISCA may be found in prior publications. [12] [13] [14] Standard protocol approvals, registrations, and patient consents. The NIH and Institutional Review Boards for all participating institutions approved the study procedures and documents. Written informed consent was obtained from all participants as part of the original WHISCA study.
Fatty acid measurement. Blood samples were obtained from 2,208 WHISCA participants before WHI randomization; RBCs were isolated, frozen, and stored at 280°C. RBCs were later thawed, aliquoted, and analyzed by gas chromatography as previously described. 15 RBC omega-3 PUFA content correlates with the omega-3 content of other tissues, 16 and serves as a stable biological marker of average omega-3 PUFA intake over the 1 to 2 months before measurement. 17 In our analyses, the exposure of interest was the proportion of subjects' RBC membranes composed of DHA and EPA (DHA 1 EPA).
During aliquoting, the RBC samples were stored improperly at 220°C for a period of approximately 2 weeks, causing oxidative degradation of the membrane PUFAs before measurement. Before our study, Pottala et al. 15 corrected the RBC PUFA measurements as described previously. Briefly, they performed experiments to determine the rates at which RBC PUFAs degrade at 220°C. Results from these experiments were used to develop regression calibration equations and estimate subjects' predegradation RBC PUFA levels. Because the correction process is imperfect, a random error term was added to the best estimate of each subject's predegradation DHA and EPA levels to produce 10 imputed DHA and EPA values for each subject. Multiple imputation allowed the imprecision in subjects' corrected DHA 1 EPA levels to be quantified and properly accounted for in our statistical analyses. Fiftyone subjects were excluded because their RBC PUFAs had degraded significantly and did not meet the quality-control criterion recommended by Pottala et al. 15 This reduced the number of eligible WHISCA subjects to 2,157.
The validity of the corrected RBC DHA 1 EPA measurements can be evaluated by comparison with participants' reported dietary habits. In both the WHI and the Nurses' Health Study, 18 RBC DHA and EPA contents were measured and dietary DHA and EPA intakes estimated from food frequency questionnaires. Correlations between the RBC biomarkers and dietary intake estimates for DHA and EPA were similar in the 2 studies (see appendix e-1 on the Neurology ® Web site at www.neurology. org). Additionally, test/retest reliability statistics were available for a subset of 796 participants whose RBC DHA 1 EPA levels were measured both at WHI screening and at their first annual visit. The correlation between these 2 measurements was reasonably strong (Pearson r 5 0.70; intraclass correlation coefficient 5 0.69).
Cognitive assessments. The annual WHISCA test battery included 1) the Finger Tapping Test to assess fine motor speed, 2) the Card Rotations Test to assess spatial ability, 3) the Benton Visual Retention Test to assess short-term visual memory, 4) the California Verbal Learning Test to assess verbal memory, 5) the Primary Mental Abilities Vocabulary test to assess verbal knowledge, 6) letter and category fluency tests to assess verbal fluency, and 7) the Digit Span Forward and Backward Test to assess working memory. For each domain, subjects' raw test scores were standardized to z scores as described previously 19 ; we also calculated a composite cognitive function z score for each participant. Details can be found in appendix e-1, and participants' raw scores in table e-1. For all cognitive outcomes, a higher standardized score indicates better performance.
Covariates. Variables representing participant demographics, WHI HT treatment assignment, health history, health behavior, and anthropometric measures were considered for inclusion in multivariable analyses based on their possible association with DHA 1 EPA levels and the longitudinal WHISCA outcomes. All covariates were measured during screening for the WHI trials before randomization. See table 1 for a complete list of these covariates and appendix e-1 for information on how they were defined.
Statistical methods. Multivariable linear mixed models were used to estimate the independent effect of DHA 1 EPA on cognitive function at baseline and cognitive change over time. Analyses were performed separately for each of the 10 RBC DHA 1 EPA imputations, and the parameter estimates were pooled using Rubin's method. 20 Random intercept and time slope effects were included to account for within-subject test score correlations. Baseline DHA 1 EPA was categorized by tertile because a) initial analyses were suggestive of nonlinear relationships between DHA 1 EPA and cognitive function, and b) participants in the lowest tertile had RBC DHA 1 EPA levels (2.04%-4.41%) within or near the ,4% range that previous research has identified as a risk factor for cardiovascular disease. 21 For each cognitive domain, 2 multivariable models were developed. Model 1 has minimal covariate adjustment for age, HT trial assignment, and response trends over time. Model 2 has additional adjustment for important demographic, medical, and behavioral factors that may confound the relationship between DHA 1 EPA and cognitive function. Covariates included in models 1 and 2 are listed in figures 1 and 2. Rationales for their inclusion and a detailed description of the model selection process are provided in appendix e-1. Cardiovascular disease, cerebrovascular disease, diabetes, hypertension, and depression were predictive of cognitive function, but were not included as covariates in models 1 or 2 because they may mediate the causal relationship between DHA 1 EPA and cognition. In sensitivity analyses, these variables were added to model 2 to determine whether their addition affected the DHA 1 EPA effect estimates. Because it is conceivable that HT and DHA 1 EPA may have interactive effects on inflammatory pathways and cholesterol levels, 22 or that assignment to HT could affect participants' dietary habits, we tested for interactive effects of DHA 1 EPA and HT on cognitive function. Our primary endpoints were the mean differences between the high and low DHA 1 EPA tertiles in a) cognitive performance at baseline, and b) change over time in composite cognitive function and each of the 7 cognitive domains. We designated 0.01 as the critical value for statistical significance because of the number of cognitive domains included as endpoints. Because of correlations among the WHISCA cognitive outcomes, we chose not to apply the more conservative Bonferroni correction for multiple comparisons. 13 Several secondary analyses were performed. Using the modeling approach described above, DHA and EPA were examined individually for associations with cognitive performance. We also explored treating DHA 1 EPA as a continuous variable and tested for linear and polynomial effects on cognitive function. The SAS software package (version 9.3 for Windows; SAS Institute, Cary, NC) was used to conduct the statistical analyses and generate the figures presented in this report.
RESULTS
Participants' RBC DHA 1 EPA contents (calculated as the mean of the 10 DHA 1 EPA imputations for descriptive statistics) followed an approximately normal distribution (mean 5 5.16%, SD 5 1.47%, range 5 2.04%-12.82%), as did participants' cognitive domain scores at baseline. RBC DHA 1 EPA ranges were 2.04%-4.41% for the first tertile, 4.41%-5.53% for the second, and 5.54%-12.82% for the third.
Descriptive baseline statistics for the study cohort by DHA 1 EPA tertile are shown in table 1. Bivariate analyses indicated that lower levels of DHA 1 EPA were associated with a number of risk factors for cognitive impairment and vascular disease. Compared with subjects in the highest DHA 1 EPA tertile, subjects in the lowest tertile were less likely to have a college degree (24.8% vs 41.9%), a household income $$50,000/year (14.6% vs 29.3%), a body mass index ,25 kg/m 2 , or to exercise regularly. Significant differences among DHA 1 EPA tertiles in age, region, race, alcohol consumption, smoking, and hypercholesterolemia treatment rates were also observed.
Median length of follow-up for all subjects was 5.9 years (range 5 0.0-7.9). We estimated cognitive response trends with multivariable models using all available observations. No subjects were excluded because of missing covariates in the model 1 analyses; approximately 7% of subjects were excluded for this reason in the model 2 analyses. We found no significant interaction between HT assignment and DHA 1 EPA, so we report DHA 1 EPA effect estimates for the study cohort as a whole. Crosssectional differences in cognitive SDs between the high and low DHA 1 EPA tertiles, evaluated at the time of the first WHISCA examination in the multivariable linear models, are shown in figure 1 and table e-2. For all outcomes, a positive coefficient favors the high tertile. Based on the model 1 effect estimates, participants in the high DHA 1 EPA tertile exhibited better fine motor speed, verbal knowledge, and verbal fluency. However, after full covariate adjustment (model 2), these associations were attenuated and no longer statistically significant (fine motor ability: Mean differences in cognitive change over time between high and low DHA 1 EPA tertiles with 99% confidence intervals, adjusted for model 1 and model 2 covariates added to model 2, the DHA 1 EPA effect estimates were virtually unchanged. Differences in the rate of cognitive change (in SD per year) between the high and low DHA 1 EPA tertiles are shown in figure 2 and table e-3. In both the minimally and fully adjusted models, no significant (p , 0.01) difference was found between the high and low DHA 1 EPA tertiles in the rate of change over follow-up in any cognitive domain.
Results from our secondary analyses were consistent with the lack of association found between DHA 1 EPA and cognitive function in the primary analyses. After covariate adjustment, no significant (p , 0.01) associations were found when we tested for a) trends across tertiles, b) linear and polynomial effects of RBC DHA 1 EPA when treated as a continuous variable, and c) individual effects of DHA and EPA.
DISCUSSION In our study, after adjustment for confounding factors, RBC DHA 1 EPA levels were not significantly (p , 0.01) associated with baseline cognitive function or cognitive change over time in any of the tested cognitive domains. Marginally significant cross-sectional differences favoring the high DHA 1 EPA tertile over the low DHA 1 EPA tertile were found for fine motor speed and verbal fluency. But overall, our results were consistent with the null hypothesis. Strengths of our study include its large sample size (N 5 2,157), yearly cognitive examinations, and high retention of subjects over an extended 7.9-year follow-up period, which yielded effect estimates with precise CIs.
As with other observational studies of omega-3s, a potential source of bias is misclassification of exposure. Some misclassification is likely attributable to intraindividual biological variation, year-to-year variation in participants' DHA 1 EPA intake, and sample degradation caused by the improper storage of the blood samples. Despite the sample degradation issue, the validity statistics for our corrected RBC DHA and EPA measurements were comparable to those reported in a previous study 18 (see methods section and appendix e-1 for details). On the assumption that measurement error resulted in nondifferential misclassification of DHA 1 EPA status, we would expect modest bias in our effect estimates toward the null.
A second limitation of our study is that APOE genotyping was unavailable for WHISCA participants. Some previous studies have reported that the protective association between omega-3s and cognitive function varies by APOE genotype, although these findings have been inconsistent. [23] [24] [25] [26] [27] [28] Our results represent estimates of the average cognitive effects of DHA 1 EPA across APOE e4 carriers and noncarriers, who account for approximately 30% and 70% of the US population, respectively. 29 Another potential limitation is the fact that the first battery of WHISCA cognitive tests was administered an average of 3 years (range 5 1-5 years) after DHA 1 EPA exposure and baseline covariates were measured during screening for the WHI HT trials. Because dietary patterns in older adults are generally stable and the hypothesized effect of DHA 1 EPA on cognition is likely to be gradual and cumulative, the impact of the lag would likely be small in our study. Additionally, to the extent that DHA 1 EPA was associated with cognitive changes that occurred between screening for the WHI HT trials and the first WHISCA cognitive examination, these effects would appear in our baseline cross-sectional results.
Our study adds to a growing body of crosssectional and longitudinal observational studies on the relationship between omega-3s and domainspecific cognitive aging in dementia-free older adults 26, [30] [31] [32] 35 (see table 2 ). In contrast to previous study populations, our sample was a) entirely female, and b) comprised of HT trial participants who were healthier and more educated than the general population of older dementia-free women in the United States. The low rates of cerebrovascular disease, diabetes, and other cardiovascular risk factors in our study population may limit the generalizability of our results to other populations. Nevertheless, some areas of agreement can be found with previous studies. First, none found a relationship between omega-3s and verbal or semantic memory, which is consistent with our results. Second, some evidence exists for a protective association between omega-3s and a) sensorimotor/psychomotor speed, 31, 32 and b) verbal fluency. 26, 30 This is consistent with the marginally significant cross-sectional protective associations we observed for fine motor speed and verbal fluency.
Despite suggestive findings from some observational studies of a protective association between omega-3s and improved cognitive aging, results from randomized controlled trials of omega-3 supplements have generally not been supportive of a protective effect in cognitively intact older adults over short treatment periods. 10, 33, 34 This is consistent with our finding of no association between RBC DHA 1 EPA content and cognitive change over a median followup of 5.9 years. If the marginally significant crosssectional differences that we found for fine motor speed and verbal fluency do represent genuine causal effects, these effects are likely to be of small magnitude (on the order of 0.1 SD based on our DHA 1 EPA high vs low tertile model 2 effect estimates) and may be the result of years or decades of cumulative exposure to higher levels of omega-3s.
